We present a heavy quark description of quarkonium states and an effective lagrangian describing those interactions with chiral bosons and photons which occur in a soft-exchange-approximation regime. The formalism is expected to be valid for an intermediate heavy quark mass (up to ""80 Ge V) and is based on the approximate validity of the heavy quark spin symmetry and velocity superselection rule. Some applications to radiative and hadronic transitions are discussed.
Introduction
Heavy quark symmetry has been used successfully for hadrons containing one heavy quark [ 1 ] . Its use for systems containing more than one heavy quark is known however to be quite problematic. In fact one expects that virtual gluons of high momentum can in general be exchanged between the two heavy quarks, making the whole approximation based on heavy quark symmetry useless in such a case due to the breaking of the velocity superselection rule.
Indeed, as stressed by Bjorken [2] , in a quarkonium state the two heavy quarks cannot be considered in velocity eigenstates because they orbit about each other. This is certainly true in the short distance regime of the interaction potential, that is for the coulombic part. At larger distances, the quarkonium is better described in a string picture, and in this case the velocity description of a heavy quark can represent a good approximation as long as the relative velocity is small. This implies that such a description cannot hold asymptotically, but only in an intermediate range of masses, that is the "heavy" quarks should not be too heavy. Numerical analyses in potential models indeed show that the relative velocity is small away from the coulombic regime_
We shall call the kinematical domain where the formalism applies soft-exchange-approximation regime (SEA regime), to emphasize the basic kinematical requirement on gluonic exchanges to be predominantly of limited momenta. We stress that the range of application of the model does not allow to identify asymptotic symmetries, in the same sense as the heavy quark symmetry for systems containing one heavy quark holds asymptotically for increasing heavy quark mass.
The previous discussion suggests the kind of processes where our approximation should work. In particular we could use it in all processes which can be described in terms of a string picture, whereas it cannot be applied to processes which violate the Zweig rule. This is also clear from the fact that in this case one could not even speak of a velocity superselection rule. In the following sections we shall analyze two of these processes (radiative and hadronic quarkonium transitions) and we shall give a formal description of our model.
Discussion of the approximation
Let us first discuss the charm onium and bottomonium, i.e. the bound states of a heavy quark and anti quark QQ. We recall that infrared divergences are expected to occur from gluon radiation exchanged by static quarks [ 3] . These divergences are regulated by the potential energy acting between the two quarks. On the other hand, the formation of the bound state is due to the almost complete cancellation of the potential and the kinetic energy. We thus need to take into account both energies in order to have at the same time a good infrared regulator and a good description of the bound state. However the kinetic energy depends explicitly on the heavy quark mass, and therefore explicitly breaks the heavy quark flavour symmetry.
Insights about the relevance of the kinetic energy for heavy quarkonium can be obtained from potential models. Our quantitative discussion below will be limited to the ground states, but similar considerations can be made for the lowest excitations. Within a given model, it is possible to study how the expectation values of the relevant operators, such as the kinetic energy, velocity, residual momentum, and so on, depend on the quark mass. For instance, Buchmliller and Tye [ 4] have studied a QCD-motivated potential reproducing the behavior 1 I r for small r, and behaving as rat large distances. Their results can be roughly summarized by the following interpolating formula for the averages of the residual momentum k, the relative velocity v (the residual momentum divided by the quark mass), and kinetic energy T (2.1)
Here mQ is the heavy quark mass expressed in GeV, and the formulae are valid from the charm mass to mQ;,;; 80 GeV. We see that the kinetic energy increases with the mass but the relative velocity goes to zero.
Although these numbers are rather model dependent, the qualitative results remain true for a variety of models. More recently Grant and Rosner [ 7] have presented a fit of the spectra and of the decay rates of the cc and bo levels, by using a power law potential of the form
with a;:,;:, -0.14 (that is an almost logarithmic potential). Using their fit for the various constants appearing in the potential, and applying the virial and the Feynman-Hellmann theorems, we find
#I For the application of the virial and of the Feynman-Hellmann theorems, see ref. [ 6] .
All the preceding analyses indicate that, by increasing the quark mass, the kinetic energy and the residual momentum increase, whereas the relative velocity < v) = < k) I m 0 decreases. This may suggest that the velocity superselection rule remains valid also in these dynamical situations. This however can be true only in a limited region of quark masses. In fact, as we increase the mass, the heavy quark separation becomes smaller and smaller, and eventually the coulombic part of the potential will dominate. In such a situation we will have, always from the virial theorem, < T) = -E, where E is the binding energy, and from the Feynman-Hellmann theorem, that the kinetic energy will increase linearly with the heavy mass. Therefore the residual momentum increases linearly and the velocity superselection rule cannot remain valid. In other words, at very small distances we expect the exchange of hard gluons with four-momenta of the order of the total four-momentum to become important. For intermediate masses, on the contrary we expect the approximate validity of the heavy quark velocity superselection rule and the spin symmetry, since, at any rate, the kinetic energy does not break the heavy quark spin symmetry. On the other hand it is clear that the flavour symmetry is badly broken for mesons made out of two heavy quarks.
The domain of the SEA regime is that of relatively soft gluon exchanges. One therefore cannot think of including processes which violate the Zweig rule in our effective lagrangian description. The processes described must be such that they may be illustrated in a stringlike picture. For instance, hadronic or photonic transitions among charmonium states for not too large momenta of the emitted hadrons fall within the SEA regime.
A useful symmetry that can be used in processes involving light quarks is the chiral symmetry. By using it we can build up an effective lagrangian which allows to study transitions among quarkonium states with emissions of soft light pseudoscalars, considered as the Goldstone bosons of the spontaneously broken chiral symmetry.
The chiral symmetry is explicitly broken through light quark mass terms, which allow for rarer processes that could be in some circumstances kinematically favored.
We have carried out a complete study of the phenomenology, for already observed processes as well as for processes which will hopefully be observed in future higher precision experiments. The study shows the convenience of using the heavy quark formalism in such discussions to obtain more easily results which would otherwise require lengthier QCD approximate analyses, and to control in a comprehensive way the expected dominant features. In this note however we shall limit ourselves to describe the formalism and to test it in some applications.
Description of quarlkonium states in the heavy quark formalism
We have already discussed the limitations on the possible use of heavy quark symmetry for processes involving quarkonium states. With this in mind we shall here summarize the formal description for such states in the heavy quark formalism.
A heavy quark-antiquark bound state, characterized by the radial number m, the orbital angular momentum !, the spins and the total angular momentum J, is denoted by ( 3.1) Parity P and charge conjugation C, which determine selection rules for electromagnetic and hadronic transitions, are given by Here v~-' denotes the four-velocity associated to the multiplet J; H~-' and 1J are the spin 1 and spin 0 components respectively; the radial quantum number has been omitted. Notice that the multiplet J does not have indices related to light flavours. In the general case l i= 0 the multiplet J generalizes to Ji" 1 ···~-'', with a decomposition This allows to identify the states in ( 3. 5) with the physical states. The normalisation for Ji" 1 ·"'"' has been chosen so that As one can easily verify, the previous transformations laws are reproduced by assuming that the multiplet J~"
1 .. ·~"' transforms as follows:
where C=iy 2 y 0 is the usual charge conjugation matrix. Under heavy quark spin transformation one has (3.14)
with S, S' E SU ( 2) and [ S, ¢] = [ S', ¢] = 0. As long as one can neglect spin dependent effects, one will require in variance of the allowed interaction terms under the transformation ( 3.14).
Radiative decays
Radiative decays provide a simple test of the formalism. We expect that our approach will reproduce the well established results of the potential model description. The application illustrates the power of the heavy quark formalism in the evaluation of radiative decay amplitudes between the s-and p-wave states both for charmonium and bottomonium. We write the lagrangian for radiative decays as follows:
where a sum over velocities is understood, F '"" is the electromagnetic tensor, the indices m and n represent the radial quantum numbers, J(m) stands for the multiplet with radial number m and J(m, n) is a dimensional parameter (the inverse of a mass), to be fixed from experimental data and which also depends on the heavy flavour. The lagrangian ( 4.1) conserves parity and charge conjugation and is invariant under the spin transformation of eq. ( 3.14). It reproduces the electric dipole selection rules t.l = ± 1 and t.s = 0. It is straightforward to obtain the corresponding radiative widths:
where p is the photon momentum. Once the radial numbers n and m have been fixed, the lagrangian ( 4.1 ) describes four no spin-flip transitions with one parameter; this allows three independent predictions. For the triplet states they are reported in table 1, where we give the ratio of the width for the state with J = 1 to the state with J = 0 and that for the state with J = 2 to the state with J = 0 within a given multiplet; moreover we give the value of the parameter 6. For the last two decays in table 1, due to the lack of data, the comparison with experi- Table I The ratios T 1 /T 0 and T 2 /T 0 , where rJ stays for the radiative width of the process involving 3 PJ· Our results are compared with the corresponding experimental value when data are available. We give also our estimates for the value of the parameter c5 of eqs. ( 4.2 ) ment can be done only for the ratio rl I r2. In general we find good agreement with experimental data.
For the state 1 P 1 no data on radiative widths are available, but using the value of r5 given in table 1 we can predict the width of 1 P 1 ->17cY· Using for the 1 P 1 mass the value 3526.2 ± 0.2 GeV of the E760 experiment [9] we obtain ( 4.5)
A similar prediction for the Xb ( 1 P 1 ) state can be easily extracted from table 1 and eq. ( 4.4), once the mass of this state is known.
Hadronic transitions in heavy quarkonia
An important class ofhadronic transitions between heavy-quarkonium states is provided by the decays with emission of two pions, for example
In the following we will consider only transition between s-wave states. Use of the chiral symmetry argument [ 10, 11 ] allows to express the amplitude~~ for such decay in terms of three parameters. In the rest frame of the decaying particle,~~ is given by 1 vii= r; (E' ·E*(Apl ·p2 +Bp?pg) +C(E' "PI E*·p2 +E' ·p2 E*·pl)).
(5.2)
Here E' and E are the polarization vectors of If!', If! and P~> p 2 the momenta of the two pions. It should be observed that combining the soft-pion technique with a QCD double multipole expansion, Yan [ 12] finds that C=O.
To describe these processes we use the chiral symmetry for the pions and the heavy-quark spin symmetry for the heavy states. The first one is expected to hold when the pions have modest energies. We notice that the velocity superselection rule applies at q 2 =q~ax' when the energy transfer to the pion is maximal. Therefore we expect that our approximations are valid on the whole energy range only if q~ax is small. The light mesons are described as pseudo-Goldstone bosons, assembled in the matrix In our formalism the result C = 0 follows directly from the request of heavy-quark spin symmetry; terms breaking such a symmetry will contribute to the C parameter but they will be suppressed at least as 1 I M with respect to the leading ones. For example a possible spin-breaking term is
giving the following contribute to the amplitude for the decay ( 5.1 ):
4i.}MAF
This is exactly the C-term of amplitude ( 5.2). The lagrangian ( 5.9) describes also the transition
Calculating the modulus square of the amplitude one finds
as predicted also by the multipole expansion [ 12] . [ 14] . The spectrum for the transition 1 ( 3s) ...... 1 ( 1 s) nn has an unusual double-peaked shape [ 15] and cannot be fitted using ( 5.10). But we observe that in this case, due to the large available phase space, probably the soft-pion approximation is no longer valid.
We have obtained a number of other interesting results with the formalism presented in this note [ 16] . We have here discussed only the di-pion transitions between s-states but the formalism allows to enlarge the description to higher waves and to additional hadronic transitions. As a consequence of the heavy quark spin symmetry, the differential decay rates in hadronic transitions between two given quarkonium states satisfy appropriate relations, as illustrated in a simple case by eq. ( 5.14). With our formalism we are able to derive easily these relations for transitions between arbitrary waves, reproducing in the known cases the results obtained with the QCD multipole expansion for the double electric dipole emission [ 12] . These relations can be derived in general, without any assumptions on the couplings of the light hadrons in the final state. Imposing chiral symmetry on these couplings allows to extract additional information such as differential decay distributions for the emitted pions. We have also explored the consequence, in heavy quark spin conserving transitions, of explicit chiral symmetry breaking in the form of terms containing the current quark mass matrix at first order. These couplings ' " lead to rare hadronic transitions, e.g. Y(3s)--> Y ( ls )n°1], of interest for future precision experiments. Further applications of the formalism discussed so far concern the transitions violating the heavy quark spin symmetry. A general classification of these transitions, parallel to the classification usually made in the context of QCD multi pole expansion, appears possible, with the identification of the operators which are relevant in a given process and the assignment of the correct mass suppression factor. As tests of this approach we have studied processes such as If/' -->1f1n° and If/' -->lf/11 as well as the transition involving the recently discovered [9] 1 P 1 charmonium state.
